Regulation of mRNA translation is especially important during cellular and developmental processes. Many evolutionarily conserved proteins act in the context of multiprotein complexes and modulate protein translation both at the spatial and the temporal levels. Among these, Bicaudal C constitutes a family of RNA binding proteins whose founding member was first identified in Drosophila and contains orthologs in vertebrates. We discuss recent advances towards understanding the functions of these proteins in the context of the cellular and developmental biology of many model organisms and their connection to human disease.
Introduction
Translational regulation of mRNA distributed asymmetrically in the early Drosophila embryo underlies pattern formation and germ cell specification. Furthermore, expression of certain proteins occurs only at definite stages of development. Exquisite, often partially redundant mechanisms of control ensure the coordination of the spatial and temporal expression of proteins with morphogenetic potential. These mechanisms have been reviewed recently [6] . Here we will discuss the case of one of such translational regulators, Bicaudal C (Bic-C), which is evolutionarily conserved, and for which there is recent accumulating functional evidence from both invertebrate and vertebrate model organisms suggesting that Bic-C is a fundamental regulator of cellular processes and an outstanding example of the fascinating complexity of the developmental mechanisms.
Materials and Methods
The sequences shown in this paper are listed in Table 1 , and they were recovered by running BLAST [7] with the Drosophila sequence and the NCBI sequence database, using the Homologene feature at the NCBI. The sequences for the different Drosophila species were retrieved from FlyBase [8] . Sequences were aligned with Clustal W [1, 2].
Results and Discussion

Bic-C .
The Bic-C gene was originally identified during a Drosophila screen for maternal genes affecting embryonic polarity [9] . In fact, adult females bearing Bic-C mutations in one of their second chromosomes produce embryos exhibiting anterior-posterior defects of severity ranging from anterior defects, to the development of bicaudal embryos composed of as few as four segments arranged as two, mirror-image posterior ends, to embryos that fail to cellularize [3] . This pleiotropy indicates that Bic-C participates in (or influences) many different pathways.
Early work demonstrated that Bic-C is required during oogenesis to establish anterior-posterior polarity in the oocyte [3, 5, 9, 10] . It encodes a 905-amino-acid (aa) RNA binding protein containing two canonical and three noncanonical KH RNA binding domains (KH2, 4 and KH 1, 3, 5, resp., aa [3, 11, 12] , a C-terminal Sterile Alpha Motif domain (SAM domain, aa 805-868, Prosite) [13] , and a region rich in serine and glycine (aa 598-693). In the Bic-C protein, both the region containing the KH domains and the full-length, recombinant protein possess affinity for RNA [14, 15] with the full-length protein exhibiting more selective binding of synthetic probes in vitro. RNA binding is likely important to Bic-C function in fruit flies, as a spontaneous mutation (G296R) that affects the third KH domain, decreases RNA affinity in vitro, and exhibits [3] . However, this mutation may be affecting more than RNA binding of the whole protein, for example, by perturbing secondary structure in its neighbourhood, as it may be the case for a similar mutation occurring in another KH domain [12] . If this were the case, the severity of the phenotype may be due to the combination of lack of RNA interaction and other defective pathways under Bic-C control in the wild type. The region containing the KH domains in two Bic-C orthologs shows conserved RNA binding capability in the mouse Bicc1 [16] and, surprisingly, not in the C. elegans GLD-3 [12] . SAM domains are ancient modules present in most species that are commonly engaged in mediating proteinprotein interaction [13, 17] and can multimerize [18, 19] . Multimerization of RNA binding proteins and RNA is most likely the basis for building RNP particles and a target of regulation. Interestingly, the SAM domain of the human BICC1 can form polymers in vitro [20] and some KH domains can mediate interactions between proteins [21, 22] . This is also the case for the C. elegans GLD-3 that interacts with the GLD-2 polymerase via its first KH domain [23] therefore it is likely that Bic-C is part of multiprotein complexes such as cellular RNPs. Certain SAM domains have also been implicated in RNA binding, as the case of Drosophila Smaug and S. cerevisiae Vts1 [24] . Interestingly, among all the Drosophila SAM domains, Bic-C contains the one most similar to Smaug's, which includes the critical residues for RNA interaction [25] , suggesting the possibility that it may contribute to the Bic-C RNA binding capacity in the cell [17] . Studies of the vertebrate Bic-C homologs, whose targets are largely unknown, have suggested that presence of the SAM domain may mediate association with the P-bodies [26, 27] . Another interesting possibility is that the putative RNA binding and proteinprotein interaction capabilities of the SAM domain may be regulated, possibly via posttranslational modifications. In this scenario protein modification in this domain may change the specificity and/or affinity of Bic-C for RNA to switch between protein and RNA binding activities in certain cellular or developmental contexts. Interestingly, a tyrosine residue in position 822 that can be phosphorylated in other SAM domains to regulate their activity is also conserved [28] ( Figure 1 ).
Evolutionary Conservation of the Bic-C Protein.
Bic-C is found in all the sequenced Drosophila species and its homologs are virtually identical to each other, except for regions of Comparative and Functional Genomics   3   45  45   45  45  45  45  46  45  60  39  39  40   103  103   103  103  103  103  104  105  118  92  99  96   163  163  43  163  163  163  163  164  165  178  152  159  156   223  223  103  223  223  223  223  224  225  238  212  219  216   283  283  163  283  283  283  283 low complexity, where there are stretches of adjacent identical amino acids whose number varies in different species, the possible result of evolutionary mechanisms acting on triplet repeats or of stuttering sequencing polymerases ( Figure 1 ). An alignment of Bic-C orthologs from different animals reveals extensive sequence conservation from aa 83 to 268, (referring to the Drosophila sequence). Between aa 269 and 303, the vertebrate proteins lack the acidic residues present in the two Dipterans (D. melanogaster and Anopheles gambiae) while the basic residues between aa 281 and 286 are conserved ( Figure 2) .
Similarly, between aa 417 and 423 the acidic residues are exchanged with a basic (K) or a neutral (G) residues, while the adjacent phenylalanine 424 is changed conservatively into a tyrosine, suggesting that the overall protein folding may be preserved and that the electrostatic environment may be different between the insect and the vertebrate proteins. Since this region contains possible KH-domain-like modules, this may influence their ability to interact with RNA by contributing positive charges that might help retain or stabilize the interaction with RNA. At aa 458, vertebrate sequences diverge from those of Drosophila, Anopheles, and Caenorhabditis elegans. These sequences show blocks of conservation (aa 712-737 and 815-863) interspersed with regions of divergence and one insertion of 38 residues at aa 778. The SAM domain is one such block of conservation, with its phosphorylatable tyrosine [28] that is invariant in all the sequences analysed and the identity (or conservative substitution) of most of the amino acids that contribute to create an environment conducive to RNA binding in the case of Smaug [24] .
Bic-C and Translational Regulation.
Evidence that Bic-C was involved in control of mRNA translation came first from studies in Drosophila where it was observed that Oskar, a well-studied morphogen, was upregulated in ovaries from Bic-C mutated females [14] . The identification of other mRNA targets coimmunoprecipitated with Bic-C yielded the Bic-C mRNA itself and several mRNAs encoding factors involved in the Wnt pathway, vesicular trafficking, and organization of the actin cytoskeleton [15] . Bic-C interacts directly with the Not3/5 subunit of the CCR4 deadenylase complex, and it is believed that, when bound to its target RNA, it is able to recruit the deadenylase. This shifts the cellular balance between polyadenylation and deadenylation towards the latter, impairing translation [15] . Since Not3/5 is also evolutionarily conserved, it is discussed below in the perspective of its contribution to the Bic-C complexes.
The other invertebrate family member for which there is substantial functional information is the C. elegans GLD-3. GLD-3 is involved in germline development and embryogenesis by regulating the time of expression of developmental factors [23, 29, 30] . GLD-3, via its first KH domain, interacts with GLD-2, a noncanonical polyA polymerase devoid of an RNA interaction domain of its own [23, 30] . Although it was expected that GLD-3 may tether GLD-2 to the RNA, a recent structural study could not find any RNA binding activity for the GLD-3 KH region [12] ; therefore further studies are needed to elucidate how GLD-3 participates to C. elegans development.
In the Drosophila ovary Bic-C is present in cytoplasmic granules enriched for Trailer Hitch (Tral) and Me31B [31, 32] , two proteins marking sponge bodies, ovarian organelles related to the repression of mRNA translation [33] [34] [35] . Mouse and Xenopus Bicc1 in cultured cells are also found within subcellular structures associated with mRNA silencing, the processing granules (P granules, [26, 27, 36] ), strongly suggesting that the members of the Bic-C protein family may share a conserved function in translational control. For example, P bodies may destabilize mRNAs via the action of decapping enzymes such as Dcp1 in many tissues undergoing rapid mRNA turnover, while certain yeast mRNAs can be reversibly associated with P-bodies [37] . Further, in metazoans, deadenylation is often the ratelimiting, first step of mRNA decay [38] . While in the kidney, high turnover of certain mRNA may be instrumental to rapidly adapt organ function to the environmental changes, in tissues with a strong "anabolic" activity such as the ovary it would not be surprising to find that some maternal mRNAs are silenced and stored in cellular compartments refractory to translation during oogenesis, to be deployed later in the early embryo. Consistent with the possibility that Bic-C may not function by destabilizing its mRNA targets, no global changes in Bic-C mRNA stability were observed in the Drosophila ovary, neither by quantitative RT-PCR of ovarian total mRNA nor by in situ hybridization (Bic-C negatively regulates its own mRNA) [15] . While there seems to be a mild effect on stability of the polycystic kidney disease 2 (Pkd2) mRNA in the kidneys of the Bicc1 −/− KO mice, in this case, no direct association of this mRNA with the Bicc1 protein was formally demonstrated [27] . It is also possible that only a fraction of the cellular Bic-C pool is involved in destabilization and degradation of mRNA targets, possibly constituting a distinct compartment. This scenario would have escaped detection via traditional biochemical methods because they cannot preserve the integrity of the tissues analyzed. Until more regulatory targets for the Bic-C family members will be identified, validated, and characterized functionally, this current puzzle will remain unanswered.
Not3/5: An Evolutionarily Conserved Bic-C Partner
Affecting mRNA Translation. Not3 is one of the subunits of the CCR4-NOT deadenylase, which is the predominant deadenylase, at least in the yeast S. cerevisiae [39] [40] [41] . Other subunits include CCR4, CAF1, NOT1-5 [40] [41] [42] [43] [44] . In Drosophila homologous genes are present for each of these subunits, with the exception of NOT3 and NOT5, for which there is only one gene displaying homology to both proteins [45] . Interestingly, Not3/5 does not contain any known protein domain, as identified via Prosite [46] . Drosophila Not3/5 proteins are virtually identical in 12 species, the differences being concentrated in areas of low-sequence complexity (Figure 3) . A BLAST search [7] Figure 1 , the two canonical (KH) and three noncanonical (KH-like) KH RNA-binding modules are indicated (arrows, top). Domain assignment is as in [3] except for the fourth KH-related motif and the SAM domains, that are labelled according to the Pfam database [4] . A conserved, potentially phosphorylated, tyrosine is also indicated (arrowhead, top). Amino acid (aa) color-coding is from Clustal W: red, small aliphatic, hydrophobic and aromatics; blue, acidic; magenta, basic; green, hydroxyl, sulphydryl, amine, and glycine; grey, unusual aa. Symbols for aa conservation are from Clustal W: (asterisk * ): positions with a single, fully conserved residue. (Colon :): conservation between groups of strongly similar properties-scoring >0.5 in the Gonnet PAM 250 matrix. (Period .): conservation between groups of weakly similar properties-scoring ≤0.5 in the Gonnet PAM 250 matrix. Highlighted yellow: residues that contribute to RNA binding in the Smaug protein.
Grey highlight denotes mild (versus strong) basic charges. Light blue highlights a charged aa in a conserved position, but an opposite electrical charge. The Gallus gallus genome also contains a predicted sequence with extensive homology to Bic-C (Table 1) and with a long extension at the N terminal end. Since there is no experimental evidence of the true starting methionine we did not include it in this alignment. Figure 3 . The conservation is highest at the N-and C-terminus of the protein (aa 1-238 and 680-844, with reference to the Drosophila sequence) where all the family members show extensive identity. Between aa 330 and 679 the sequences diverge with the orthologues from the two insects (D. melanogaster and Anopheles gambiae), the fungi, the higher eukaryotes, and the plants being more similar with each other than with members of a different group. Notably, the vertebrate sequences, with the exception of zebrafish that contains various small deletions, have blocks of almost complete identity in this region ( Figure 4 ). The partial divergence in the central region of Not3/5 is likely due to the fact that the Drosophila gene is homologous to both the NOT3 and NOT5 genes and likely plays the functional roles of both yeast proteins, [45] a seemingly unique feature of Drosophila [47] . Not3/5 was recovered in a two-hybrid screen for proteins interacting with Drosophila Bic-C, and multiple pieces of evidence support the existence of this interaction in vivo: there is genetic interaction between Bic-C and twin, the Drosophila gene encoding for CCR4; other subunits of the CCR4-NOT complex can be coimmunoprecipitated with Bic-C from ovary extracts and the Bic-C target mRNAs that were tested were found with longer polyA tails in Bic-C mutants [15] . Although one study of vertebrate models could not detect differences in polyadenylation in a presumptive Bic-C target [27] , due to the high homology of the Bic-C and NOT orthologs it is possible that Bic-C from other species can interact with NOT homologs and, possibly, other subunits of the deadenylase complex. These may contribute to the interaction only in the context of the assembled complex and may have therefore escaped detection in the Drosophila twohybrid screen. Coimmunoprecipitation studies from tissue extracts and the precise mapping of the interaction domains on both proteins will be required to resolve this issue.
cinerea, and Schizophyllum commune), vascular plants (e.g., Arabidopsis thaliana, Oryza sativa, Vitis vinifera, and Ustilago maydis), and mosses (Physcomitrella patens). An alignment of complete sequences is shown in
Multiple Bic-C Isoforms. Drosophila
Bic-C has three predicted mRNA isoforms, RA, RB, and RD, that encode two identical (RA and RB) and one shorter (RD) proteins lacking the first 120 aa (Figure 1 ). These mRNA isoforms are expressed at different times during development (FlyBase): Bic-C-RA is expressed in the early embryo (0-6 hrs old) and in the adult female (i.e., most likely in the ovary), and Bic-C-RB is found mostly in late embryogenesis (7-22 hrs old). This is also consistent with our earlier report of multiple protein isoforms [14] . During the larval phases Bic-C is undetectable, and during pupation Bic-C expression is resumed, with its RD isoform being the most abundant and remaining prominent in adult males (FlyBase). The presence of two distinct mRNAs encoding the same amino acid sequence at definite developmental stages also suggests the possibility that they may be subjected to distinct regulation(s) in different tissues or at different developmental times and that the Bic-C activity may be required in specific time windows. This is consistent with a report that Bic-C function is especially needed at embryonic day (E) 18.5 during mouse development [27] . Interestingly, the mouse Bicc1 gene and human BICC1 also produce two distinct mRNAs by alternative splicing, which differ for the presence of exon 21 [26, 48] although no further functional information is known to date, so it is difficult to speculate if the presence of multiple Bic-C isoforms has conserved functional roles. 459  449  440  599  588  540  540  542  460  520  533  418  488  573  587   485  463  449  643  628  567  567  569  487  547  560  446  515  620  629   504  479  464  680  664  587  587  589  507  567  580  468  537  670  676   552  527  513  730  714  637  637  639  557  616  630  518  587  717 3.6. Bic-C and Polycystic Kidney Disease. In humans, two polycystic kidney disease (PKD) forms are caused by mutations in the PKD1 and PKD2 genes (autosomal, dominant [49] [50] [51] [52] [53] [54] [55] ) or in PKHD1 (autosomal recessive, [52] [53] [54] [55] ). The link between Bic-C malfunction and PKD is compelling: two mouse models developing polycystic kidneys harbor mutations of the Bicc1 gene [56] ; Bic-C inactivation in Xenopus induces cystic kidneys [27, 57] ; recently, a zebrafish model of PKD was validated that inhibits the Bicc1 function [58] . Finally, human studies on patients with renal disorders identified two mutations associated with the BICC1 gene:
one affecting the first KH domain and the other affecting the SAM domain [48] , proving the relevance of the Bic-C animal models for understanding the etiology of this incurable disease.
In 3D cultures of mouse IMCD cells, depleting Bicc1 disrupts cadherin-mediated cell adhesion, normal epithelial polarization, proliferation, and apoptosis that prevent tubulomorphogenesis in vitro [59] . Interestingly, aspects of the Drosophila phenotype also affect cell migration and may influence cell-cell interaction and polarization. For example, migration of the follicle cells (FCs) in the ovary is defective in Bic-C mutant [3] , resulting in eggs that remain open at the anterior end. This defect may occur because of inefficient communication between germ line and somatic cells, although to date we do not know the molecular pathway underlying this phenomenon (for an alternate possibility, see also Section 3.7).
In a recent paper [27] Tran and colleagues report that in a novel Bicc1 −/− mutant mice and in Xenopus depleted for Bicc1 the Pkd2 mRNA and its cognate protein are downregulated (29 and 54%, resp.), while both Pkd1 and Pdhd1 levels are unaffected. In the mouse these effects are clearest specifically at stage E18.5. The regulation appears to be mediated via a cellular microRNA, miR-17 [27] that is also amplified in certain cancers [60] . Here Bicc1 may relieve the miR-17-mediated repression via a mechanism that does not involve regulation of the polyadenylation state of at least the mRNAs tested and may mildly impact mRNA stability [27] . The fact that the Bicc1 protein may bind multiple mRNAs and that it may be involved in the possible antagonistic regulation of the miR-17 complexes, also assembled on multiple mRNAs, reinforces the view that the Bic-C orthologs are central to the regulation of many cellular processes and that many more aspects of their function await elucidation.
Other Bic-C Functions.
Another hint to Bic-C function comes again from Drosophila, where the Bic-C mutants exhibit disrupted pattern of the cortical filamentous actin in the growing oocyte and abnormal actin-containing structures in the ooplasm that trap both the dorsal fate determinant Gurken [61] [62] [63] and other proteins that would normally be secreted [31, 32] . This function requires Trailer hitch, a protein originally identified in a screen for mutants for axial polarity that may regulate expression of endoplasmic reticulum (ER) exit site components on the ER surface. A malfunctioning secretory pathway could affect communication between the oocyte and the overlying FC and may affect their migration. Since many mRNAs involved in vesicular trafficking and/or organization of the actin cytoskeleton were also recovered in Bic-C immunoprecipitates [15] , it is possible that their posttranscriptional control may contribute to the observed Bic-C defects. Lastly, and not mutually exclusive, the altered actin dynamics exhibited by the Bic-C and Tral mutants must also add to the observed inhibition of the normal dumping of nurse cell contents into the nascent oocyte during late oogenesis.
Concluding Remarks
Bic-C is an ancient protein conserved from Drosophila to man. Its mutation induces a pleiotropic phenotype. In fruit flies the Bic-C protein binds to RNAs involved in establishing the embryonic polarity, the Wnt pathway, actin dynamics and results in many observed defects, including abnormal development. In the vertebrates the better characterized aspect of lack of Bic-C function is the induction of cystic kidneys and the alteration of cell proliferation and three dimensional organization; however, defects in pancreatic and liver function and heterotaxia (i.e., randomization of the left-right symmetry) of the visceral organs have also been observed [26, 27] . Further, effects on the Wnt pathway have also been reported in human patients with renal displasia [48] , as well as in mice and frogs [26] . Bicc1 is also expressed in the nervous system [58] which suggests that there may be novel aspects of its function ready to be discovered and that Bic-C homologs may be involved in fundamental, evolutionarily conserved mechanisms of determination of polarity, from establishment of the body axes to planar cell polarity.
The experimental evidence so far also suggests that Bic-C function may also be required at specific times of development in many species. Since Bic-C is a negative regulator of translation, we can expect at least part of the mutant phenotypes to be linked with inappropriate spatial and/or temporal regulation of gene expression. Further, Bic-C has multiple mRNA targets, and it exists in multiple isoforms in many organisms. At least in the case of one of the Bic-C interacting partners, the CCR4 deadenylase, it is proposed that multiple forms of this complex exist in higher vertebrates [47] , as there are documented isoforms for a few of the complex subunits. Therefore, it is possible that the Bic-C-CCR4-dependent regulation acts via and is regulated by combinatorial mechanisms, with variant complexes having partially redundant function. This could also explain why all the individual molecular effects/phenotypes described for Bic-C tend to be mild and why years of concerted experimental efforts have yielded only a few proven targets for this gene, since many of the real targets would presumably not have been highly enriched compared to the controls.
